When honey bee pupae from seemingly healthy Australian colonies were injected with various salt solutions, inapparent infections of black queen-cell virus (BQCV), Kashmir bee virus (KBV), sacbrood virus (SBV) and, occasionally, cricket paralysis virus were activated. The activated viruses replicated to detectable concentrations after pupae were incubated at 35 °C for 3 days. Inapparent infections of SBV, but not the other viruses, were also activated merely by incubating pupae at 35 °C. The replication of activated BQCV, KBV or SBV was specifically suppressed by injecting pupae with rabbit antisera against the particles of each virus. However, a greater proportion of activated SBV infections occurred in groups of pupae in which the replication of activated KBV was suppressed than in groups of pupae in which KBV was not suppressed. In addition, a greater proportion of activated BQCV infections occurred in pupae in which the replication of both KBV and SBV was suppressed than in groups of pupae that were not injected with KBV and SBV antisera. Results from one group of pupae treated in this way indicated that about 40~ were infected with KBV, about 43~ with SBV and about 15~ with BQCV. There was no evidence of interference between the viruses in the establishment of inapparent infections of pupae, but clear evidence of interference during or after activation. These results have implications for the use of pupae for virus propagation.
INTRODUCTION
Honey bee (Apis mellifera L.) pupae have been used to propagate several bee viruses (Bailey & Woods, 1977) mainly because of the ease with which they may be obtained and handled, because pupae, at least in the U.K. seem to be virus-free, and because no alternative host or susceptible cell line has been found for propagating bee viruses (Bailey, 1981) .
In Australia, the picornaviruses Kashmir bee virus (KBV) and sacbrood virus (SBV) infect all stages of the honey bee (Bailey et al., 1979; Dall, 1985 ; Hornitzky, 1985) . Dall (1985) reported that both viruses persisted as inapparent infections of seemingly healthy worker bee pupae, and replicated to detectable concentrations when pupae were injected with rabbit sera, insect Ringer's solution or extracts of 'healthy' bees. However, the source of the viruses that were activated and thus replicated after injection was not determined. Dall (1985) also reported that the particles of only one virus were ever detected in extracts from an injected pupa, even though the proportions of pupae infected with one or other of the viruses would indicate that some were probably doubly infected. Whether the absence of doubly infected individuals was a consequence of interference during inapparent infection, or after activation, was not investigated. We also obtained clear indications that Australian honey bee pupae are inapparently infected; 'control' pupae in preliminary experiments often became moribund and yielded virus particles after being injected with preparations of 'healthy' bee extracts, or sterile buffered salt solutions. This suggested that seemingly healthy pupae were inapparently infected and these infections were activated, or that pupae became infected when virus contaminating their surfaces was introduced through grazes or wounds, such as broken hairs in the exoskeleton or on the needles used for injection.
Many insect species have been found to be inapparently infected with viruses (Bailey & Gibbs, 1964; Brun & Plus, 1980; Evans & Harrap, 1982; Podgwaite & Mazzone, 1986; Scotti et al., 1981) . These infections differ from acute infections in that they may persist in their hosts for many generations causing little or no harm or recognizable symptoms, yet in certain circumstances they may be stimulated or activated to yield greater numbers of particles and initiate acute infections. Little is known of how the viruses become activated, of the state and site of inapparent infections, of interactions between viruses in the inapparent state, or of how viruses establish inapparent infections in their hosts (Podgwaite & Mazzone, 1986) .
The studies reported in this paper indicate that seemingly healthy honey bee pupae are inapparently infected with viruses which cannot be detected unless activated. Furthermore, the experimental suppression of replication of activated viruses in pupae by injecting specific antisera showed that a pupa may be inapparently infected with several viruses simultaneously but, when activated, only one replicates to a detectable concentration.
METHODS
Papae. Young (white-eyed) pupae were obtained from normal, apparently healthy, honey bee colonies located at Canberra in the Australian Capital Territory. To obtain a large cohort of pupae of the same age, a clear empty comb was placed in the centre of a colony; it became uniformly filled with eggs within 1 day.
Inoculation and incubation of pupae. Pupae were injected with 7 ~tl of virus extracts or activating buffers through a dorso-lateral abdominal intersegmental membrane using a 30-gauge, stainless steel needle connected by a disposable 'bacteria-proof' filter (0.22 ~tm, Millex) to a micrometer syringe. Inoculated pupae were incubated on dry filter paper in small Petri dishes placed in a larger Petri dish lined with filter paper wetted with 12~ glycerol to humidify the air. For most tests the virus-activating buffer was 10 mM-potassium phosphate (KP) buffer (10 mM-KH2PO4/KzHPO , pH 6"7).
Purification. Extracts were prepared from individual pupae (hereafter called individual preparations) by the methods described by Anderson (1984) .
Serological tests. Antisera prepared against the antigens of acute bee-paralysis virus (ABPV), bee virus X (BVX), bee virus Y (BVY), black queen-cell virus (BQCV), chronic bee-paralysis virus (CBPV), cloudy wing virus (CWV), cricket paralysis virus (CrPV), KBV and SBV were used in the serological tests described below. The BQCV, CBPV, CrPV, KBV and SBV antisera were prepared in rabbits by the methods described by Anderson (1984) . The identity of the viruses used to produce these antisera was confirmed using reference rabbit antisera kindly supplied by Dr L. Bailey (Rothamsted Experimental Station, Harpenden, U.K.). The ABPV, CWV, BVX and BVY antisera were also supplied by Dr Bailey. Conventional gel diffusion tests (Mansi, 1958) were used to detect viruses in individual preparations. The methods, and the dilutions of the homologous antisera used in the tests, were those described by Anderson (1984) .
An indirect ELISA method (Koenig & Paul, 1982) was used to detect KBV and SBV particles in individual preparations as described by Anderson (1984) . Tests showed that the optimum concentration of reactants was the same for each virus. No serological cross-reactivity was observed between KBV and SBV antisera. Individual preparations of'healthy' bee pupae, and phosphate-buffered saline (PBS) (137 mM-NaCI, 2 mM-KH2PO,, 16 mMNa2HPO4, 3 mM-KC1), were included as controls in all ELISA tests. The absorbances from wells containing extracts from 'healthy' pupae were never greater than those from wells containing PBS. ELISA reactions that gave absorbance readings two or more times those of the controls were considered positive. To guard against false positives, each test was replicated in a separate microtitre tray.
Statistical tests. Log-linear regression models (GENSTAT V release 4.04B, Lawes Agricultural Trust, Rothamsted Experimental Station) were fitted to the cross-tabulated tables of counts, such as those given in Tables  1, 2 and 3, to determine whether there was a significant difference in the response of pupae receiving different treatments. The models assumed that the counts were independently drawn from a Poisson distribution and produced •2 values which were analogous to the simpler goodness-of-fit statistics.
RESULTS

Testing solutions for their ability to activate inapparent virus infections
In preliminary tests evidence was obtained that some pupae yielded detectable amounts of KBV or SBV 3 days after infection with sterile water or with dilute buffer. Therefore tests were done to establish whether some buffers or salt solutions were more effective than others in inducing this phenomenon.
White-eyed pupae in replicate groups of 20 were injected with one of the following : 10 mM-KP buffer pH 6"7, 50 mM-KP buffer pH 6-7, borate buffer pH 7.0 (10 mM-H3BO4, 20 mMNaB4OT), insect Ringer's solution pH 7.0 (156 mM-NaC1, 3 mM-KC1, 2 mM-CaClz), 10 mM-Tris-HCI pH 7-0, 10 mM-ammonium acetate pH 7-0, preimmune rabbit serum, or distilled water. All inocula, except the rabbit serum, were sterilized by autoclaving and all pupae were from the same colony. Injected pupae were incubated at 35 °C for 3 days, then individual preparations were made and tested for viruses using ELISA and gel diffusion. Table 1 shows the numbers of virus-infected pupae detected by gel diffusion. Identical results were obtained using the more sensitive ELISA method, indicating that gel diffusion was adequate for detecting the presence of activated virus particles; i.e. pupae were either fully infected or the virus was in a non-activated state and there were no intermediate concentrations of virus. Seventeen percent of the pupae became infected with SBV and 21 ~ with KBV. Thus 11 would be expected to be doubly infected (17~ of 21 ~ of 320), yet only one virus was detected in each infected pupa.
The proportions of infected pupae for each treatment and the approximate 95 ~ confidence limits obtained by fitting a linear logistic regression model, are presented in Fig. 1 . The overlap of the upper and lower confidence limits indicates that the buffer solutions were similar in their ability to activate inapparent virus infections, although distilled water activated significantly fewer inapparent virus infections, except for insect Ringer's. For all subsequent experiments 10 mM-KP buffer was used as it seemed to have no toxic effects on the pupae.
Detection of inapparent virus infections in pupae
White-eyed pupae (120) from the same colony were separated randomly into groups of 30, then injected with sterile KP buffer and maintained at either 30 °C or 35 °C for 3 days. Table 2 shows the number of pupae that were found to be infected with virus 3 days after injection. Fifty percent of the pupae became virus-infected at 35 °C but only 15~o at 30 °C. Log-linear regression models produced a X 2 value of 17-44 with one degree of freedom (d.f.) indicating a significant difference at the 0.01 ~ level of probability between the groups of infected pupae kept at the different temperatures. Twenty-one percent of the pupae yielded KBV and 12~ SBV, thus three would be expected to yield both viruses, yet no pupa was found with more than one virus. 
Detection of inapparent infections in uninjected pupae
Sections were cut from a frame of wax comb containing white-eyed pupae sealed in their cells with wax cappings. These were kept at 30 °C and 35 °C for 3 days as untreated pupae not removed from their cells. Pupae in other sections of this frame were carefully removed from their cells and allocated randomly among six groups, each of 30 individuals. Two groups were kept at 30 °C and another two at 35 °C for 3 days as untreated pupae removed from their cells. Individual preparations were obtained from every pupa of the remaining two groups and tested immediately for KBV and SBV using ELISA, and for these and other viruses, using gel diffusion tests. Individual preparations were later obtained from the other incubated pupae and tested for viruses by gel diffusion.
No virus antigens were detected in extracts of pupae prepared immediately after removal from a colony. However, after being held at 35 °C a number of pupae yielded SBV (Table 3) . Statistical analysis showed that significantly more pupae yielded SBV after incubation at 35 °C than at 30 °C (X 2 = 10.24, d.f. = 1, P < 0.01).
The source of inapparent virus infections
Tests were done to see whether the injected pupae had become infected from virus particles on their surfaces through the injection wound or whether the needle became contaminated after injecting inapparently infected pupae thus infecting subsequently injected pupae.
White-eyed pupae from the same colony were separated randomly into groups of 30 individuals. Individuals in one group were injected with sterile KP buffer; those of another were punctured through a dorso-lateral abdominal intersegmental membrane with a sterile needle but no extract was injected; individuals in a third group were washed in 5-0 ml of sterilized KP buffer and aliquots of the wash were injected into pupae of a fourth group. All pupae were incubated for 3 days at 35 °C. Then individual preparations were made and examined for viruses by gel diffusion tests.
No evidence was found that KBV and SBV infections detected after buffer injection originated from contamination on the surface of pupae. KBV and SBV particles were each found in five of 30 pupae injected with KP buffer, and in five of 30 injected with the buffer wash from 30 pupae. There was also no evidence that activation resulted merely from the trauma of injection as only two of 30 extracts from pupae punctured with a sterile needle contained SBV particles and no other virus antigens were found in the extracts.
White-eyed pupae collected from the same colony as above were injected with sterilized KP buffer, numbered serially, placed on filter paper in a Petri dish, and incubated at 35 °C for 3 days. Individual preparations were then obtained and examined using gel diffusion tests. The method of Van der Plank (1946) was used to see whether the recorded number of adjacent pairs of infected individuals in the series was statistically greater than the number expected for a random distribution (Poissonian) using the formula p = d(d -1)/n, where p is the expected number of pairs of adjacent diseased individuals if at random, d is the number of diseased individuals observed in the series and n is the total number of individuals in the series. When n is large, the standard error of the estimate is x/P.
There was no evidence that the needle used to inject the KP buffer became contaminated during the injections. In one series of 100 injected pupae, 26 individuals became infected with KBV but only one paired infection was obtained, significantly fewer than the 6.5 pairs which would have been expected. Because n is large (100), one pair is more than two standard errors (x/-675 = 2-55) from the expected 6.5 pairs. In the same experiment 21 individuals became infected with SBV and, of these, no pairs were obtained, compared with the predicted 4.2 pairs if needle contamination had been the cause.
Suppressing inapparent virus infections
There was evidence from the activation experiments that inapparent KBV infections of pupae were more common than inapparent SBV infections but the question of why no multiple infections occurred remained unexplained. Therefore, to test the possibility that there was interference between viruses during activation, groups of 20 pupae from the same colony were first injected with twofold serial dilutions of KBV antiserum in KP buffer in an attempt to suppress the replication of KBV, and to determine whether more SBV infections were obtained. Then a dilution of KBV antiserum that did not harm pupae but suppressed the replication of KBV was mixed with twofold dilutions of SBV antiserum in KP buffer and injected into other groups of pupae in an attempt to suppress the replication of SBV. Likewise, the appropriate dilulions of SBV and KBV antisera were mixed with twofold dilutions of BQCV antiserum in KP buffer and injected into groups of pupae in an attempt to suppress the replication of BQCV. antisera (c). Virus isolated: shaded bars, KBV; unshaded bars, SBV; hatched bars, BQCV. NI, noninjected pupae; C, pupae injected with l0 mM-KP buffer pH 6-7 as controls.
Injected pupae were incubated at 35 °C for 3 days, then individual preparations were tested for viruses using gel diffusion tests. The replication of activated BQCV, KBV and SBV was suppressed by injecting pupae with 1 : 16 dilutions of specific antisera. These dilutions did not harm the pupae and were used in subsequent tests, even though serum dilutions of 1 : 128 also suppressed replication of these viruses. Fig. 2 shows the percentage of virus-infected pupae in each injected group of 20 pupae. As before, only one virus was obtained from each pupa, but the results show that approximately 40~ more SBV infections were found in groups in which activated KBV infections were suppressed than in groups in which KBV infections were not suppressed (10~). Similarly, approximately 15 ~ more pupae were found to be infected with BQCV in groups in which both KBV and SBV activated infections were suppressed than in groups in which those infections were not suppressed (approx. 5~). Thus sequential suppression by specific antisera indicated that about 43 % of the pupae carried SBV, about 15 % carried BQCV and about 40~o KBV. The simplest explanation of these results is that individual pupae were inapparently infected with more than one virus, but when injected with KP buffer only one virus replicated to detectable concentrations. The results suggest that activated, replicating KBV suppressed the replication of the other two activated viruses and that activated replicating SBV similarly suppressed the replication of activated BQCV. Thus when pupae with combinations of inapparent BQCV, KBV and SBV infections were injected with KP buffer and held at 35 °C, only KBV replicated to detectable concentrations. Likewise, when pupae with inapparent BQCV and SBV infections were similarly injected, only SBV particles replicated. Thus, simple arithmetic suggests that in groups injected with KP buffer (controls) 17.2~ were doubly infected with KBV and SBV (40~ of 43 ~) leaving only 25.8 ~ with SBV, and indeed this is close to the 17 ~ observed (mean of the three experimental control groups shown in Fig. 2) . Nonetheless, the situation may be somewhat more complex as is indicated by the absence of the predicted 5.1 ~ BQCV (15 ~ of 60 ~ lacking KBV of 57 ~ lacking SBV) in all samples; however, at small incidences of infection, variances become greater. The approximate expected percentages of triple, double and single infections, if the different virus infections were independent of one another, are shown in Fig. 3 . DISCUSSION The mechanisms that cause bee pupae to become acutely infected with viruses after being injected with KP buffer and other solutions, as reported in this paper and also by Dall (1985) , have not been determined. However, our studies suggest strongly that these infections result from the activation of internal inapparent infections, rather than from surface contamination, although the latter possibility is very difficult to exclude unequivocally. Such contamination would be slight and difficult to detect, especially if present under the overlapping intersegmental membranes through which the hypodermic needle was passed.
Three other lines of evidence also support activation rather than contamination as the cause of pupal infection. Firstly, contamination would perhaps be more likely for SBV than KBV, as SBV particles are normally secreted in ecdysial fluid when prepupae are killed by the virus in nature (Bailey, 1967) whereas KBV is not known to kill prepupae or to be present in ecdysial fluid. Secondly, the coat proteins of KBV particles rapidly degrade and the particles lose their infectivity when removed from the host (Bailey et al., 1979; Anderson, 1986 ) and hence it is unlikely that they would persist in ecdysial fluid. Finally, tests showed that young adult worker bees that were captured while emerging from their cells having shed their pupal skins yielded KBV and SBV after being injected with KP buffer, and the proportions yielding each virus were not significantly different from those yielded by these bees as white-eyed pupae (D. L. Anderson & A. J. Gibbs, unpublished data) . Thus, circumstantial evidence also indicates an internal source of inapparent virus infection of bee pupae.
The processes that activated inapparent virus infections in seemingly healthy bee pupae are worthy of further study, which may shed more light on the ecology of the viruses. During our studies inapparent virus infections were common in pupae and there was some evidence that salt solutions injected into pupae were more effective activators than non-salt solutions, suggesting perhaps that osmotic effects damage the virus containment mechanism. However, genetic, environmental and other factors may also influence activation, as inapparent virus infections in honey bee pupae in New Zealand rarely become activated after injection with KP buffer or other salt solutions; infections in those pupae are best activated by injecting preimmune rabbit serum, casein and extracts from other insects (D. L. Anderson, unpublished data). Furthermore, Dr L. Bailey throughout many years of work on bee viruses in the U.K. reported no direct evidence of virus infection of pupae, or indirect evidence of virus infection such as that which prompted this study.
A possible site of inapparent virus infection in bee pupae might be the gut. It has been shown that adult worker bees do not become acutely infected when fed KBV preparations, but they do when KBV is injected into their haemocoels (Bailey & Woods, 1977; D. L. Anderson, unpublished data) . This suggests that the guts of worker bees may be a barrier to KBV infection. Thus it is possible that the basement membrane and cells of the gut regenerative centres, which are thought to remain intact during the transition from larva to pupa (Snodgrass, 1956 ), may be a site for inapparent KBV infection.
There are few reports of interactions between inapparent virus infections in insects. Thus it was interesting to find that a bee pupa may be inapparently infected with several viruses simultaneously, but when activated one virus may suppress the replication of others in some unknown manner. In our studies KBV suppressed the replication of activated SBV and BQCV. Further tests showed that the incubation time for KBV to replicate to detectable concentrations in pupae was less than for SBV (D. L. Anderson, unpublished data). Thus, the ability of KBV to suppress activated SBV replication may be because KBV replicates faster than SBV, or alternatively there may be a more specific inhibitory phenomenon such as competition for replication sites. The results obtained using antisera to suppress particular viruses gave no evidence of interference between viruses during the establishment of an inapparent infection, since all classes of multiple infections occurred with a frequency close to that expected if the infections were independent of one another.
It was surprising to find bees infected with CrPV. This virus, like KBV and SBV, is closely related to, if not a member of, the picornaviruses (Matthews, 1982) . It was originally isolated from Australian crickets (Reinganum et al., 1970) but has since been reported to cause natural infections in several other insect species (Scotti et al., 1981) and has a wide experimental host range (Plus et al., 1978) . However, even though CrPV has previously been isolated from a bee colony in Australia (Plus & Scotti, 1984) , and may readily replicate in bees in the laboratory (Scotti et al., 1981) , it is not known to cause natural infections in bee colonies. In our studies inapparent CrPV infections were detected only infrequently in bee colonies suggesting that perhaps the virus does not persist in bees, but may cause temporary short-term infections.
Thanks to Drs P. D. Scotti and P. J. Wigley for constructive comments on the manuscript and to Dr J. John for advice on statistical analyses. This work was supported by a generous grant from the Australian Honey Research Committee.
